Background Previous studies on vaccination and childhood leukaemia generated inconsistent results.
associated with measles, mumps, and rubella (MMR) vaccination, 2 no other reports of an increased risk of childhood leukaemia associated with vaccination have been seen. Instead, a few studies have reported a decreased risk of leukaemia (or unspecified childhood cancer) associated with vaccination (including small pox, diphtheria, tetanus, pertussis, measles, mumps, rubella, poliomyelitis, Haemophilus influenzae type b, and unspecified vaccinations), although the study design, types of vaccines studied, and subtypes of leukaemia varied substantially. [3] [4] [5] [6] [7] [8] [9] [10] In addition, several studies found no evidence of an association between vaccination and the risk of childhood leukaemia. [11] [12] [13] The inconsistencies in existing findings with respect to vaccination and childhood leukaemia (Table 1) may be, in part, due to the variation in exposure assessment. Only two of the studies reported an exclusive reliance on written vaccination records, 9, 11 and most other studies relied on interviews with parents or self-administered questionnaires by parents.
It is believed that immune function may play an important role in the etiology of childhood leukaemia since leukaemia is essentially a malignancy of the immune system. Vaccination, due to its role in stimulating the immune system, has been considered a potential modifier of the risk of childhood leukaemia. In a hospital series of childhood leukaemia cases in Brisbane, Australia, an excess of vaccinations against diphtheria, pertussis (whooping cough), and tetanus was reported in cases compared to the controls. 1 Except for a study several decades later that observed an increased risk of various immunophenotypes of acute lymphoblastic leukaemia (ALL) In the Northern California Childhood Leukaemia Study (NCCLS) we evaluated the potential etiologic roles of a variety of genetic and environmental factors, including vaccinations. We addressed the quality of exposure assessment by obtaining written vaccination records with detailed information about the types of vaccines a child received, the number of doses of each vaccine, and the exact date each vaccine was administered. The potential etiologic role of diphtheria, pertussis, tetanus (DPT), poliomyelitis, MMR, hepatitis B, and Haemophilus influenzae type b (Hib) vaccination is assessed in the present analysis.
Methods

Study population and data collection
The NCCLS commenced in 1995 and is currently ongoing. The study area includes 17 counties in the Greater San Francisco Bay Area (1995 to the present) and in 1999 was expanded to a total of 35 counties in Northern and Central California. In the NCCLS, incident cases of newly diagnosed childhood leukaemia (age 0-14 years) are rapidly ascertained from major pediatric clinical centres, usually within 72 h after diagnosis. Although case ascertainment is hospital-based, a comparison with all population-based cases ascertained by the statewide California Cancer Registry (2000) confirms that the NCCLS protocol successfully identified 95% of all age-eligible newly diagnosed childhood leukaemia cases among residents of the 5-county San Francisco metropolitan area and 76 percent of such cases in the other 30 counties. Controls are randomly selected from the statewide birth files maintained by the Center for Health Statistics in the California Department of Health Services and individually matched to cases on date of birth, sex, mother's race (white, African American, or other), and Hispanic status (a child is considered Hispanic if either parent is Hispanic). For cases diagnosed before December 1, 1999, the case:control ratio was 1:1, and mother's county of residence at the time of child's birth was used as an additional matching criterion. For cases diagnosed on or after December 1, 1999, the case:control ratio is 1:2. A detailed protocol for control selection has been reported elsewhere, and it is indicated that the birth certificate controls selected in the NCCLS are comparable to ideal controls who would have been enrolled under optimum circumstances with respect to parental age, parental education level, and maternal reproductive history. 14 To be eligible, each case or control had to (i) reside in the study area at the time of diagnosis; (ii) be under 15 years of age at the reference date (date of diagnosis for cases and the corresponding date for matched controls); (iii) have at least one parent or guardian who speaks English or Spanish; and (iv) have no previous history of malignancy. The study protocol was approved by the Institutional Review Boards of University of California, Berkeley and all collaborating institutions, and a written informed consent was obtained for all participating subjects.
An in-home personal interview with the primary care taker of each case or control subject-usually the biological mother (97.5% of all respondents)-was scheduled as soon as the written informed consent was obtained for a case or a verbal consent was obtained for a control subject (a written consent for controls was subsequently obtained at the time of interview). The respondent (Ͼ99% of respondents are parents) was asked to provide a copy of the child's complete vaccination record. If the parents did not have a written record, did not know whether the record was complete, or the record kept by the parents was considered incomplete by the parents themselves or by the NCCLS study staff, the parents were asked to sign an authorization form so a copy of the child's vaccination record could be requested directly from the primary care physician(s) by the study staff. The study staff evaluated the completeness of the written records by comparing the records with recommended immunization schedules based on the birth year and age of each child, as well as discussing with parents and/or providers. By the end of 2002, a total of 382 cases and 482 matched controls had been interviewed in the NCCLS. Among the subjects, 39 (10.2%) cases and 33 (6.8%) controls were excluded because no complete written vaccination records could be obtained from either parents or physicians. Among the remaining 792 subjects with complete vaccination data, 20 cases and 40 controls who were not in matched sets were excluded. Included in the present analysis are a total of 237 matched pairs (one case and one control) and 86 matched triplets (one case and two controls). Written vaccination records for 70.1% of cases and 66.0% of controls were provided by parents, and the remainder by physicians.
Approximately 85% of the eligible cases consented to participate. To enroll the 409 controls included in the study, a total of 847 potential controls were searched, among which 143 (16.7%) could not be located, and 126 (14.7%) refused without providing eligibility information. Of the 578 potential controls who were successfully located and whose eligibility was assessed, 477 (82.5%) were eligible. If the same percentage of eligible subjects among those whose eligibility was assessed (n = 578) was assumed in those whose eligibility could not be assessed (n = 143 + 126 = 269), a total of 699 potential controls were presumed eligible [n = 477 + (269 ϫ 82.5%) = 699]. Therefore, the overall control participation rate in the study was 58.5 percent (409/699 = 58.5%).
The exact dates that a child received any vaccinations against diphtheria, pertussis, and tetanus (DPT), DT, Td, poliomyelitis, MMR, hepatitis B, or Hib were recorded. Some vaccination records contained only information on month and year for each vaccination, but not the exact day. A day of 15 was assigned to these dates (7% of all vaccination dates). All vaccination data were censored on the reference date (i.e. date of diagnosis for cases and the corresponding date for controls). Vaccinations administered after the reference date were not included. Since it is not well understood how long pre-leukemogenic events may occur before diagnosis, or exactly when leukemogenesis becomes irreversible, we censored the vaccination data on different dates, including 1, 6, and 12 months before the reference date. Symptoms of childhood leukaemia such as fatigue or loss of appetite may lead to the case parents seeking medical advice with a subsequent doctor's visit that could result in vaccinations right before diagnosis. In addition, a parent or physician may decide to postpone a scheduled vaccination because the case child is exhibiting pre-diagnostic symptoms such as fever. Since no meaningful differences in results were observed with the different censoring points, we decided to report results based on data censored only on the reference date.
Statistical analysis
Pearson's 2 was utilized to compare demographic and socioeconomic characteristics between cases and controls. Conditional logistic regression was used to estimate odds ratios (ORs) and 95% confidence intervals (CIs) as approximations of relative risks, adjusting for maternal education and annual household income, which appeared to differ between cases and controls (the P values for maternal education and household income were 0.064 and 0.002, respectively). To avoid a reduced number of matched sets in adjusted analyses, the middle category for annual household income (30-44.9 thousand dollars) was assigned to 20 subjects (8 cases and 12 controls) whose income data were missing.
In addition to maternal education and household income, we also evaluated adjusting for birth weight and for daycare attendance (The California School Immunization Law requires that children be current on their vaccination status, including poliomyelitis, DTP, MMR, hepatitis B, and Hib, to attend school or child care facilities). However, because the adjustment of neither variable introduced a noticeable difference in risk estimates, these two variables (birth weight and daycare attendance) were dropped from the models. Statistical analyses were carried out separately for total leukaemia (n = 323) and ALL (n = 282). Due to biological evidence that leukaemia occurring in infants (Ͻ12 months) may have a distinctive etiology, analyses were also conducted excluding infant leukaemia cases (n = 15). Since analyses including or excluding infant leukaemia generated extremely similar results (which may be due to the small number of infant leukaemia cases), we decided to report results from all cases.
Results
Although controls were matched to the cases born in the study area based upon ethnic information recorded on the birth certificates, the ethnic data shown in Table 2 were obtained from the in-home personal interviews. There was only minimal discrepancy on race and Hispanic status between cases and controls, indicating that the matching process was successful. Control children were from households with a higher annual income than cases. Mother's educational level differed between cases and controls, but the difference did not reach statistical significance (Table 2) .
Both DPT and poliomyelitis vaccines are recommended to be administered as early as 2 months after birth. In the study population, 99.1% of the cases and 99.0% of the controls received one or more DPT vaccinations prior to the reference dates, and the percentage was 100% for cases and 99.7% for controls who were at least one year old at the reference dates (Table 3) . Similar percentages were observed for vaccinations against poliomyelitis. Table 4 shows the risk of childhood leukaemia associated with each type of vaccination, measured as the number of doses before the reference date for overall leukaemia and ALL. DPT vaccination was not associated with the risk of overall leukaemia or ALL, neither was poliomyelitis vaccination. The possible role of receiving three or more doses of DPT vaccines during infancy (Ͻ12 months), which is consistent with immunization recommendations in recent years, was also examined, but no significant association was observed (data not shown).
The proportion of MMR vaccination was slightly lower (92.6 in cases and 93.2% in controls), which is likely due to the older age of recommended initial administration (12 months) ( Table 3 ). For subjects who were at least 2 years old at the reference dates, 98.6% cases and 98.3% controls had received MMR vaccination (data not shown). In this analysis, MMR vaccination, measured as the number of doses, was not associated with the risk of overall leukaemia or ALL (Table 4 ).
In the study population, 94.7% of the cases and 95.1% of the controls had received Hib vaccination prior to the reference date (Table 3) . Hib vaccination was associated with a significantly reduced risk of leukaemia. The OR associated with each dose of Hib vaccine was 0.81 (95% CI 0.68-0.96) for overall leukaemia and similar for ALL (Table 4) . Compared with children who had received two or fewer doses of Hib vaccine prior to the reference date, those who had received three or more doses (which are Table 4) . Results pertaining to Hib vaccination hardly changed when the doses of DPT, polio, MMR, and hepatitis B vaccination were adjusted for in addition to maternal education and household income,.
Among the 323 cases, 10.5, 3.7, 7.7, 75.8% and 2.2, had received 0, 1, 2, 3, or 4 doses of hepatitis B vaccines, respectively. The percentage of controls (n = 409) who had received 0, 1, 2, 3, or 4 doses of hepatitis B vaccines was similar (Table 3) . Overall, hepatitis B vaccination, measured by the number of doses, was not associated with the risk of childhood leukaemia (Table 4) . When the doses of DPT, polio, MMR, and Hib vaccination were adjusted for in addition to maternal education and household income, receiving three or more doses of hepatitis B vaccines during infancy appears to be associated with a significantly increased risk of overall leukaemia (OR = 1.63, 95% CI 1.02-2.59) and ALL (OR = 1.66, 95% CI 1.01-2.72).
When analyses were conducted by year of birth, the protective effect of Hib vaccination was observed among children who were born in or before 1995 but not among children who were born after 1995. Receiving three or more doses of hepatitis B vaccines during infancy appears to be associated with an increased risk of overall leukaemia and ALL among children who were born in or before 1995, but the associations were only of borderline significance. For example, the OR for overall leukaemia was 1.81 (95% CI 0.99-3.30) among children who were born in or before 1995 (Table 5 ).
The total number of administrations of the five types of vaccines (treating DT and Td the same as DPT) was similar in the 323 cases (mean 14.56 with a standard error of 0.17) and 409 controls (mean 14.81 with a standard error of 0.15).
No significant differences in results were observed for vaccination records from different sources (parents vs physicians).
Discussion
Since there were very few children who were not vaccinated in the present study, it is not informative to classify vaccination as 'ever/never'. Rather, the possible etiologic role of vaccinations measured by the number of doses was evaluated. Each dose of Hib vaccination was associated with a significantly reduced risk of childhood leukaemia, while the history of DPT, poliomyelitis, and MMR vaccinations did not differ between cases and controls. Although the OR for having received three or more doses of hepatitis B vaccine during infancy was elevated for children born in or before 1995, it was only of borderline significance. The interpretation of such a finding is unclear given that the number of doses of hepatitis B vaccine before the reference date was not associated with leukaemia risk.
In contrast to several earlier studies, 3, 4, 6, 7 results from the present study did not support a protective effect of DTP, poliomyelitis, or MMR vaccinations, but are consistent with three more recent studies. 9, 12, 13 It is possible that the present study had limited power in detecting an effect even if one was present because almost all children received these vaccines and followed very similar schedules.
The finding regarding the protective effect of Hib vaccination is consistent with the result from a recent US study by Groves et al., 9 although the positive association they observed was with presumptive conjugate Hib vaccination measured as ever/never. a Adjusted for maternal education and household income; numbers in parentheses represent 95% confidence intervals.
b Discordant pairs were 1:1 matched sets in which the case was in an exposure category different from the matched control; discordant triplets were 1:2 matched sets in which the case was in an exposure category different from one or two of the matched controls. The study by Groves et al. 9 reported that a smaller percentage of ALL cases (47%) than controls (53%) received Hib vaccination. In the present study, the percentage of cases and controls who had been administered Hib vaccine was much higher (94.7 and 95.1%, respectively), which reflects the recent conduct of the NCCLS. The possible mechanism for the observed protective effect is unknown. It is not clear whether the finding could have been due to the vaccine itself or the prevention of related infections, including meningitis, pneumonia, and infections of the blood, bones, and joints. In a Hib vaccination trial conducted in Finland, the incidence of childhood leukaemia was lower in the early vaccination arm (in which several doses of Hib vaccine was administered starting from the age of three months) than the late vaccination arm (in which a single dose of Hib vaccine was administered at the age of 2 years), but the difference did not reach statistical significance. 15 More recently, the effect of different formulations of a conjugate Hib vaccine was evaluated in this trial, and incidence of childhood leukaemia was not different between the polysaccharide-diptheria toxoid conjugate arm and the oligosaccharide-CRM197 conjugate arm. 16 The present study is one of the first to explore the relationship between hepatitis B vaccination and childhood leukaemia. Petridou et al. 12 studied the role of hepatitis B vaccine combined with several other viral vaccines and did not present results pertaining to the independent effect of hepatitis B vaccine. Dockerty et al. 13 also assessed the etiologic role of hepatitis B vaccination. The exposure was characterized as 'yes/no' (OR = 0.93, 95% CI 0.49-1.76). When we analysed the NCCLS data in a similar way, the OR for hepatitis B vaccination (ever/never) was 0.76 (95% CI 0.36-1.59). Data are available which link impaired responsiveness to neonatal hepatitis B vaccination and human leukocyte antigen types prone to autoimmune conditions. 17, 18 Certain polymorphisms of the human leukocyte antigen are reported to be associated with the risk of childhood leukaemia. 19, 20 It may be that vaccinations affect the way the immune system reacts to other infectious agents.
In an earlier evaluation of the potential etiologic role of vaccinations using 167 matched case-control pairs from the NCCLS, we found a significantly increased risk of leukaemia in subjects who had received three or more doses of hepatitis B vaccines (OR = 2.6), especially those who received three or more doses during infancy (OR Ϸ 5.0). 21 The present analysis includes children from the earlier evaluation (who were enrolled during 1995-1999) and children who were enrolled during 1999-2002. Although we still observed an elevated OR associated with the receipt of three or more doses of hepatitis B vaccine during infancy, the magnitude of association was much smaller (OR = 1.41, Table 4 ). In addition, the association was not statistically significant. Possible explanations for the apparent discrepancy in our earlier and current observations are at least 2-fold. The small sample size of our earlier evaluation might have given rise to an unstable estimate. In addition, the new cases who had been added to the present analysis were diagnosed and born later than cases included in the earlier evaluation. In the US, universal infant hepatitis B vaccination was first recommended in 1991. 22 The average year of birth was 1992 for cases included in the earlier evaluation, and 1995 for cases added to the current analysis. Children who were born after 1992 have a higher chance of receiving three or more doses of hepatitis B vaccine during infancy than children who were born earlier. Variation in the timing of hepatitis B vaccine administration is less likely among children who were born later. When we conducted separate analyses for those who were born in or before 1995 and those born after 1995, receiving three or more doses of hepatitis B vaccine during infancy appeared to be a possible risk factor for the former group (OR = 1.81, 95% CI 0.99-3.30) but not for the latter (OR = 1.05, 95% CI 0.51-2.16) ( Table 5 ). A similar difference by birth cohort was also observed for the relation between receiving three or more doses of Hib vaccine and leukaemia risk. No difference by birth cohort was observed for the relationship between DPT, poliomyelitis, MMR vaccines and childhood leukaemia (Table 5) . A cohort effect was only apparent for hepatitis B and Hib vaccinations.
To date, reported findings with respect to vaccinations and the risk of childhood leukaemia have been mixed. The inconsistency may be due, in part, to the variation in exposure assessment. In most of the studies, data on vaccination history were collected through interviews [3] [4] [5] [6] 12, 13 or self-administered questionnaires. 2 The types of vaccines studied were not specified in several studies. 2, [6] [7] [8] Moreover, in some of the studies, 2,4,5,10-12 there was no indication of data censoring to ensure that vaccinations reported occurred before diagnosis (or a corresponding date for controls) and cases and controls had a comparable time window for exposure.
This analysis of data from the NCCLS is distinguished by the reliance on written vaccination records, rather than parental recall, and matching of cases and controls on date of birth and geographic region. Although written vaccination records are not always error free and may not be regarded as the 'gold standard', they are probably more reliable than parental recall. Parents in California are required to provide doctor-issued vaccination records to schools, daycares, summer camps, and essentially any other facility that their children may attend, or to provide specific (e.g. religious) reasons for exemption. Otherwise, their children may not be admitted. If a parent believes that a specific vaccination is not recorded, the parent will most likely contact the doctor's office to have the information added to the written records. Under these circumstances, it is uncommon for a parent to have additional information that is not included in written vaccination records. While some previous studies only asked whether a subject had or had not received a specific vaccination, the NCCLS collected data regarding number of doses, as well as date of each vaccination. As shown here, these detailed data are important for a more informative analysis. For example, with exact date of administration for each vaccine, censoring at different time points is possible. The decision to present only data censored on the reference date was made after no meaningful differences were observed for data censored at 1, 6, or 12 months before the reference date. The relationship between Hib vaccination and ALL can serve as an example. If vaccinations were censored on the reference date, the OR associated with each dose of Hib was 0.81 (95% CI 0.68-0.96) ( Table 4) . If vaccinations were censored at 1, 6, or 12 months prior to the reference date, the OR would be 0.79 (95% CI 0.64-0.98), 0.78 (95% CI 0.63-0.97) and 0.77 (95% CI 0.61-0.97), respectively. The matching on date of birth is important since vaccination practice in the US is largely determined by recommendations made by the Advisory Committee on Vaccination Practices and other authorities, and these recommendations vary over time.
Lastly and importantly, the timing of the NCCLS made it possible to evaluate the potential etiologic role of hepatitis B and Hib vaccination. In the US, universal infant hepatitis B vaccination was first recommended in 1991. 22 The first Hib vaccine was licensed in 1985, but it was not administered on a large scale until several years later. Studies conducted in the US of children born before 1990 may not have sufficient power to address the potential effect of hepatitis B and Hib vaccinations simply because there were very few, if any, who had received either vaccine. Similarly, studies conducted in the future may have difficulty assessing the role of hepatitis B and Hib vaccines as most children would have received these vaccines following a similar schedule. Receipt of these vaccines appears to be a unique time-sensitive exposure, and the timing of NCCLS coincides with the window of opportunity to study the potential etiologic role of hepatitis B and Hib vaccinations. This is where Table 5 assumes importance.
While the present study has a moderate sample size, the matched design and detailed exposure assessment serve to increase the power of the statistical analyses. 23 In addition, complete written vaccination records were not available for 8.3% of subjects, a percentage considerably lower than what was reported in a recent US study (Ͼ20%). 9 To further address the issue of missing data, we tried to keep the subjects without written records in the analysis by coding vaccination exposures as three-category variables: no, yes, and unknown, and then we estimated the ORs for having the exposure and for the unknown. The ORs for the unknown did not differ substantially from the ORs for having the exposure.
We could not distinguish between different formulations of Hib vaccines, which is a limitation of the study. However, cases and controls were from similar geographic regions and matched on date of birth, i.e. age and calendar time simultaneously. Therefore, cases and their matched controls were likely subjected to the same formulation of Hib vaccines and similar Hib immunization recommendations. Another limitation of the NCCLS is the lack of data on family history of hepatitis B infection or status of maternal hepatitis B surface antigen (HBsAg), which may influence vaccination-seeking behavior. The NCCLS is currently ongoing, and we have added to the protocol a question regarding the maternal HBsAg status at the time of index child's birth.
The lack of information on why some children had received fewer than the recommended number of doses for various vaccines is also of concern. The first dose of hepatitis B vaccine (the only vaccine recommended to be given to newborns), when administered in the hospital right after birth as opposed to being administered in the office of a primary care pediatrician, may not have been recorded consistently for all the subjects. However, it is unlikely that underreporting would have affected cases and controls in systematically different ways. In general, some subjects could have stopped or postponed receiving certain vaccines after experiencing allergies and/or other adverse effects. If this experience was more common in one group than in the other, it would bias the results.
In the present study, the socioeconomic differences between cases and controls, as reflected by differences in annual household income and maternal education level, were of concern. Although both variables were adjusted for in the analyses, there might have been residual confounding. We conducted an analysis of matched cases and controls with the same annual household income (about a third of the overall study population). In this analysis, the results with regard to vaccinations persisted, which offered assurance that the findings are not completely due to socioeconomic differences between cases and controls.
In the present study, Hib vaccination was associated with a reduced risk of childhood leukaemia, although the underlying mechanism is unclear. A possible role of the receipt of three or more doses of hepatitis B vaccine during infancy is also suggested, but the data available are far from conclusive. Considering the limited understanding of the etiologic role of vaccinations, future studies with both detailed exposure assessment and larger sample sizes are needed. This topic will be pursued further in the NCCLS. Furthermore, exploration of the relationship between these two vaccines and childhood leukaemia may be pursued by using the Vaccine Safety Data Link maintained by the Centers for Disease Control and Prevention, and in large-scale vaccine efficacy trials conducted in other countries, provided that outcomes such as childhood leukaemia are recorded in a reliable manner.
